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Introduction
The addition of inorganic nutrient fertilizers to grassland soils is a very common management practice, which greatly benefits the delivery of one important ecosystem service, namely plant biomass production. Chronic nutrient fertilization may, however, influence key regulatory services such as soil C sequestration, soil nutrient cycling, and greenhouse gas (GHG) emissions (Smith et al. 2013) . Given the fact that grassland soils may store 30 % of all terrestrial soil C (Scurlock and Hall 1998), have the potential to store more C than arable soils (Conant et al. 2001) , and represent key life-support systems across different continents (FAO 2005) , there is an urgent need to understand how long-term nutrient fertilization will affect the C sequestration ability of grassland soils.
Increasing evidence from forest ecosystems shows that N fertilization negatively influences the rate of lignin decomposition (Berg 1986; Berg and Matzner 1997; Magill and Aber 1998) by suppressing the production of lignin-degrading enzymes from white-rot Basidiomycetes and xylariacarious Ascomycetes (Keyser et al. 1978; Carreiro et al. 2000) . This could result in a reduction in litter and soil organic matter decomposition (Berg et al. 1987; Fog 1988; Carreiro et al. 2000 , Waldrop et al. 2004 , and a decrease in the mineralization of old and humified organic matter (Hagedorn et al. 2003) , which ultimately leads to greater soil C accumulation. In contrast, chronic N deposition tends to increase the activity of cellulose degrading enzymes (Ajwa et al. 1999; Carreiro et al. 2000; Saiya-Cork et al. 2002; Keeler et al. 2009 ) thus increasing the degradation of cellulose-rich litter (Fog 1988) . Across forest ecosystems it is commonly accepted that the net effect of chronic N-fertilization is the greater sequestration of C in soils mainly because of the increased accumulation of undecomposed organic matter detritus (Magill and Aber 1998) .
In grassland ecosystems the net effect of chronic N fertilization on soil C sequestration is less clear, and findings from previous studies are contradictory. Recent studies show that N inputs can have positive effects on total soil C stocks (Fornara et al. 2013 ) and on the C content of both organic (Song et al. 2014 ) and mineral soils (Liu and Greaver 2010; Fornara and Tilman 2012) . Other studies show that N fertilization has no effect on the C content of bulk soils (Zeglin et al. 2007) or on the C content of organic and mineral soils (Lu et al. 2011) . Such high soil C variability in response to N fertilization may depend on several environmental factors including differences in climate, soil and litter biochemical composition, management history, N addition rates and the time interval (years) to which soils have been exposed to chronic N additions; it may also depend on soil mineralogy and the reactivity of soil minerals (Sulman et al. 2014) . Nevertheless, in order to clarify the cause of such high variability we need to improve our mechanistic understanding of (1) how chronic N fertilization ultimately affects the C content of free, or labile, organic matter pools versus stable-recalcitrant soil fractions (e.g., heavy organo-mineral fractions), and (2) how microbial activity, including the activity of cellulose-degrading enzymes, might respond to chronic N additions.
Here we address these two questions by using a long-term grassland experiment where soils have received different combinations of nutrient additions. We first ask whether 19 years of chronic nutrient additions have influenced the C content of light organic versus heavy organo-mineral fractions. If any N-induced change in soil C content occurs in stable organo-mineral fractions, this could significantly influence the C sequestration ability of grassland soils. Second we ask whether chronic nutrient additions have influenced soil microbial function and extracellular enzyme activities. Extracellular enzymes play a key role in the decomposition of soil organic matter and in the release of C and nutrients in forms that can be either assimilated by microbes and plants or incorporated in soil fractions (Burns et al. 2013) .
Our first hypothesis follows a simple economic framework for extracellular enzyme production, which suggests that microbial communities tend to allocate resources to enzyme production in relation to substrate availability and growth requirements (Chróst 1991; Sinsabaugh et al. 1993; Allison and Vitousek 2005) . Thus we expect that the activities of C-, N-or P-acquiring enzymes will increase or decrease as a response to the long-term conditioning effect that the addition of these nutrients would have had on soils within each experimental plot. For example we expect that the activity of an N-acquiring enzyme (e.g., leucine aminopeptidase, LAP) would decrease in soils, which have received inorganic N inputs for 19 years. This is because it is energetically costly for the enzyme producers to synthetize LAP and acquire N from complex organic compounds in soils when inorganic (labile) forms of N are already available . On the other hand we would expect that the activity of a C-acquiring enzyme (b-1,4 glucosidase, BG), which is required for the hydrolysis of cellulose and other beta-linked glucans, would increase in grassland soils which have received inorganic N forms for 19 years. This is partly because cellulose degradation is often limited by N availability (Berg and Matzner 1997) but also because chronic N additions reduce the relative availability of C versus N for microbial energy demand thus increasing the need of microbes to acquire C by increasing BG activity to meet their 'intrinsic' C:N organismal stoichiometry (Sterner and Elser 2002) .
Our second hypothesis is that in grassland ecosystems where soils receive low-lignified plant detritus and more cellulose-rich plant litter we expect that chronic N-additions will ultimately lead to lower C sequestration because of N-induced increases in (1) BG activity which contributes to C losses from the decomposition of organic detritus (e.g., from light soil fractions), and (2) the priming of stable soil organic matter associated with greater biological activity of microbes and roots which will reduce the C content of organo-mineral soils (i.e. heavy soil fractions; Lajtha et al. 2014) . While priming has been observed in many forested soil systems, it is not clear whether and how the C content of stable heavy soil fractions in grasslands might respond to long-term N additions and increased root activity.
We tested our hypotheses in a long-term grassland experiment established at Silwood Park, London (UK), where soils have been conditioned with different combinations of nutrients (N, P, K, Mg) and also with inorganic C inputs through the application of agricultural lime (e.g., CaCO 3 ) for 19 years.
Methods

Study site
Our study was carried out in the Nash's Field long-term grassland experiment established on acidic soils at Silwood Park, Berkshire, UK. Nash's Field is a sandy mesotrophic grassland described as Lolio-Cynosuretum cristati grassland, Anthoxanthum odoratum subcommunity according to the British National Vegetation Classification community (Rodwell 1992) . Since 1947 Nash's Field had been used as a hay meadow (Crawley 1990 ). The long-term experiment was set up in summer 1991 for testing the effect of herbivory, insects, nutrient additions and liming and their interactions on plant community structure (Allan and Crawley 2011) . Since 1991 the fenced plots (to exclude rabbits) were still managed as a hay meadow and in August each year the grass has been cut with a sickle bar mower for restraining the growth of woody plants. Soil sampling in 1991 indicated very low P values (5.6 ± 0.47 mg kg (www.apis.ac.uk). Nash's Field is a 4-factor factorial experiment, with a split-plot design where two of the four main plots (i.e. blocks), were allocated at random across the field and received insecticide whereas the other two did not (±insects). Each main plot (22 9 44 m) was divided in half into subplots for the rabbit herbivory (±grazing) and each of these subplots (20 9 20 m) was then split into two soil pH treatments (±lime = CaCO 3 ). Finally, liming and not liming sub-subplots (18 9 8 m) were split into 5 (2 9 2 m) plots each that received a combination of four fertilizer nutrients (N, P, K and Mg) (±nutrients); specifically, each year, from 1992 to 2011, mineral nutrients have been applied with the following concentrations: 100 kg ha -1 of N (as ammonium nitrate), 35 kg ha of Mg (as Epsom salts). Each January, 5000 kg of CaCO 3 ha -1 were applied to the limed plots. A cocktail of insecticide was applied on three occasions each year since 1992 to the above-ground vegetation of-insect plots: chlorypyfos at 240 g active ingredient ha -1 and dimethoate-40 at 336 g active ingredient ha -1
. We Biogeochemistry (2015) 126:301-313 303 sampled plots, including all grazing, liming, and insect subplots, that received the following nutrient treatments:
(1) N-only, (2) P-only, (3) N and P together, (4) simultaneous addition of all nutrients (N, P, K and Mg), and (5) no addition (control treatment). Thus 4 large plots 92 grazing treatments (±grazing) 92 liming treatments (±lime) 95 nutrient treatments (±nutrients) = 80 plots (each 2 9 2 m).
Soil and root sampling and analyses
After removing plant litter, soil samples were collected using a 3 cm diameter soil corer to a soil depth of 20 cm at four locations within each of the 80 experimental plots in July 2011. The samples were then sieved with a stainless 2-mm mesh to eliminate pebbles and roots; sub-samples were dried at 40°C for 5 days, ground and analyzed for total C and N by combustion and gas chromatography (COSTECH Analytical ECS 4010 instrument). The ash of the soil samples furnace-burned for 16 h at 550°C showed a negligible amount of inorganic C. Two grams of the sieved soil sample was frozen for subsequent enzyme analyses. Net soil N mineralization was measured in each plot. 20 g of sieved fresh soil were mechanically shaken for 0.5 h with 50 mL of a 1 mol/L potassium chloride (KCl) solution, kept overnight at 4°C, and analyzed for ammonium (NH 4 ? -N) and nitrate (NO 3 --N) with a Bran-Luebbe AA3 auto analyzer (Bran-Luebbe, Mequon, Wisconsin, USA). 80 soil subsamples were incubated in the dark for 30 days at 22°C at constant moisture, and then analyzed for NH 4
? -N and NO 3 --N as above. Net soil Nitrogen mineralization rates were calculated by subtracting initial extractable NH 4
? -N and NO 3 --N concentrations per g of soil from final extractable NH 4
? -N and NO 3 --N concentrations per g of soil. 10 g of fresh sieved soil was placed in aluminum trays, dried at 105°C to a constant weight (minimum 48 h), reweighed, to determine soil moisture content (%). 10 g of fresh sieved soil was also dried and used for the determination of soil pH using a 1:5 (V/V) soil/ deionized water suspension. 80 soil sub-subsamples were collected in each plot, air-dried, ball milled to pass a 150 lm sieve and then processed for the determination of total P with the sodium hydroxide (NaOH) fusion method described by Smith and Bain (1982) . Two additional soil samples per plot were taken to a depth of 20 cm using a PVC soil corer 8 cm in diameter to measure soil bulk density (calculated as the ratio between the mass of oven-dried soil and volume of fresh soil; g/cm 3 ). Four soil cores (5 cm diameter) were collected in each plot to 20 cm depth to estimate total root mass. Soil samples were gently washed with water over a fine mesh screen until roots were free of soil. Roots were then dried 65°C to constant mass and weighed. Dry root material was analyzed for total C and N following standard methods on a 1500 NA Carlo-Erba element analyzer (Elan Tech., Lakewood, NJ, USA).
Finally, the percentage cover of all individual plant species in each small experimental plot (2 9 2 m) was estimated (percentage cover was agreed by two investigators for each species) between July and August 2011. Plants were grouped into three functional groups: C3-grasses, legumes, and forbs.
Soil fractionation
Soils were fractionated into light (LF) and heavy (HF) density fraction pools using the methods of Crow et al. (2007) . Air-dry soil was added to a 1.65 g cm -3
density solution of sodium polytungstate (SPT) (1:3 soil to SPT ratio) and lightly shaken, after which the solution was adjusted to a final density of 1.6 5 g cm -3
to correct for dilution by moisture added by the soil. Soils were shaken for 1 h on a benchtop shaker and then separated into two fractions by aspirating the floating LF into a separate container. The sediment was subjected to the shaking (2 min), separation, and aspiration steps twice more. The LF collected during the three separation cycles was combined; the remaining sediment constituted the HF. LF was rinsed thoroughly on pre-combusted Whatman GF/F filters. SPT was rinsed from the HF material by adding deionized water, shaking, and centrifuging for 15 min twice.
Enzyme analyses
We measured the potential activity of four hydrolytic enzymes (see Table 1 ) using a modified method of Saiya-Cork et al. (2002) ; b-1,4-glucosidase (BG) involved in cellulose degradation, b-1,4-N-acetyl-glucosaminidase (NAG) involved in chitin degradation, Lleucine aminopeptidase (LAP) required for the hydrolysis of leucine and other amino acid residues of peptides and proteins and alkaline and acid phosphatase (AP) that hydrolyze bound organic phosphorus. Enzyme activity assays were performed using a 200 lM solution of 4-methylumbelliferone-and coumarin-linked fluorogenic substrates and three biological buffers (acetate/maleate/bicarbonate) depending on the soil pH; acetate buffer for acidic soil samples, maleate for mildlyacidic and neutral soils and bicarbonate for basic soils. The soil pH in the experiment ranged from values of 3.83 (non-limed soils) to 7.74 (limed soils). Soil suspensions (soil slurry) were prepared by adding two grams of soil to 250 mL of 50 mM buffer and homogenizing for 4 min with a Silverston L4R homogenizer (Silverston Machines Ltd., England). The slurry was continuously mixed on a stir plate while 200 ll aliquots were distributed onto a 96-well black microplate (Nunk Ò FluoroNunc TM P8741 Sigma-Aldric) for preparing the blank, quench standard and assay wells. Blank wells also received 50 ll of buffer, quench standard wells also received 50 ll of standard solution (10 lM 4-methylumbelliferone-MUB-, or 7-amino-4-methylcoumarin-AMC-in the case of the LAP assay), and assay wells also received 50 ll substrate solution. Reference standard wells received 200 ll buffer plus 50 ll of standard solution.
Negative control (N) wells received 200 ll of buffer plus 50 ll substrate solution. There were eight analytical replicate wells for each blank (buffer ? slurry), negative control (buffer ? substrate), reference standard (buffer ? standard) and quench standard (slurry ? standard), and 16 analytical replicate wells for each sample assay (slurry ? substrate). The final reaction volume for each well was 250 ll. The microplates were incubated in the dark at 20°C for up to 24 h. Fluorescence was measured without the previous addition of NaOH Shaw and DeForest 2013) using a FLUOstar Omega microplate reader (BMG Labtech) with k365 nm excitation and k460 nm emission filters. The product formation was measured at least 6 times between 0.5 h and 24 h after substrate addition.
After converting the raw fluorescence data in enzyme activity units (nmol h -1 g -1 = nanomoles of substrate transformed per hour per gram of soil) using the formula in German et al. ( , 2012 , the slope of the linear portion on a progress curve (product vs time) represented the enzyme activity for each soil sample (Shaw and DeForest, 2013) .
Data analysis
The grassland experiment was conceived as a splitplot design where multiple factors are nested within each other. To test for the effects of these factors on changes in key plant, soil and microbial parameters we used a mixed effects ANOVA in which we considered the four large plots as random effects and the other treatment factors (insects, rabbit grazing, liming and nutrient addition treatments) as fixed effects. We tested these treatments effects on multiple response variables (i.e. soil C, soil N, extracellular enzyme activities, root mass, etc.). Since the pesticide and grazing treatments did not account significantly for variation in our key soil C and microbial variables, we then produced simpler models, which included only liming and 'nutrients' as fixed effects. We used restricted maximum likelihood (REML) methods to produce final models and checked that these models conformed to modeling assumptions. Significant differences between factor levels (i.e. five nutrient treatments) were tested using post hoc Tukey tests. We performed multiple regression analyses to address which belowground variables could significantly affect changes in the C % content of the soil organomineral fraction. Linear regressions were used to test for the effects of different soil parameters (e.g., soil pH) on enzyme activities. All analyses were conducted using JMP version 9.0 statistical software (SAS Institute Inc. 2010). We also calculated the difference in total soil C (and N) pools between each nutrientfertilized plot and the average of the controls, and then divided this value by the cumulative amount of N added to that plot over 19 years. In this way we estimated the units of soil C gained per units of N added (i.e. ''C gain efficiency'' expressed as: g C/g N added).
Results
N-induced effects on soil carbon content
After 19 years of chronic nutrient fertilization we found that total soil C stocks (tonnes of C per hectare) were significantly higher (P = 0.0006) under the N-only fertilization treatment ( Supplementary  Fig. 1 ). The N-induced effect on soil C stocks seems to be driven by the accumulation of C in the heavy soil organo-mineral fraction (P \ 0.01) rather than in the light soil organic fraction (Fig. 1a, b) . No significant pesticide or grazing effects were detected either on soil C (%) content or on soil C stocks.
When we included soil pH, root mass, root C:N ratio and BG (b-1,4-glucosidase) activity as independent variables we found that only BG activity was significantly positively related to soil C % content of the organo-mineral fraction (Table 2 ). However BG activity was not significantly related to the C % content of the light soil organic fraction (Table 2) . Similarly we found that enzyme activities related to N acquisition (i.e. NAG and LAP) were significantly positively related to the N % content of the heavy soil fraction but not significantly related to the N % content of the light soil fraction (Supplementary Table 1 ). No significant grazing effects were detected on soil enzyme activities.
N-induced effects on extracellular enzyme activity
We found that BG activity was significantly higher in grassland soils, which received chronic N additions (i.e. All, N-only and NP treatment plots; Supplementary Fig. 2) . However, the positive N-induced effect on BG activity was highly significant in non-limed soils (P = 0.008; Fig. 2a ) but was not significant in limed soils (P = 0.47, Fig. 2b ). In limed plots N-only additions still contributed to increase BG activity (which was higher than under other experimental treatments) but this was not statistically significant. Moreover, we found that BG activity tends to decrease when N is added in combination with other nutrients (i.e. P or, P, K and Mg; Figs. 2a, b) . We found evidence of negative liming-induced effects on AP (acid and alkaline phosphatase), and NAG (b-1, 4-N- acetyl-glucosaminidase) activities and of strong positive liming effects on LAP (leucine aminopeptidase) activity (Fig. 3) . The liming effect is partly explained by the positive effect of lime (i.e. CaCO 3 ) applications on soil pH (P \ 0.0001) which in turn was significantly negatively related (P \ 0.0001) to AP, BG, NAG activity and positively related to LAP activity. Overall we found a significant negative effect (P \ 0.001) of N fertilization (i.e. N-only, NP, All) on LAP activity.
The 'enzyme link' under nutrient and liming applications
We found that BG activity was positively related to the soil C (%) content of the heavier organo-mineral soil fraction in both limed and unlimed soils (Fig. 4) . BG activity was also significantly positively related (P = 0.001) to the C gain efficiency of our grassland soils. However, among those soils, which received N fertilizer (i.e. All, N and NP), soil C gain efficiency was significantly higher under the N-only treatment in non-limed plots (Fig. 5 ). This suggests a negative liming-induced effect on BG activity, which in turn has possibly reduced the ability of limed-soils to gain more C per units of N added. In fact the positive N-only effect on soil C content of the heavier organomineral fraction was lower in limed plots (Supplementary Fig. 3 ). However limed soils under the N-only treatment still show higher soil C (%) of the organo-mineral fraction (although not significant) when compared to limed soils under different fertilization treatments ( Supplementary Fig. 3 ).
Underlying mechanisms of the N-induced effect on BG activity
Our analyses show that a potential mechanism through which N fertilization may contribute to increase BG activity is by determining changes in root chemistry ) and each of different nutrient addition treatments either in non-limed soils (a) or in soils receiving lime (CaCO 3 ) (b). Treatments not identified by same letter are significantly different (Tukey-Cramer HSD test). Note the difference in scale of BG activity between limed and non-limed plots. No significant differences shown in Fig. 2b and total root mass. We found that in non-limed soils under the N-only treatment root C:N ratios were significantly lower (P = 0.012; Fig. 6a ) and total root mass was greater (although not significantly; Fig. 6b ) when compared to other treatments. Changes in root C:N ratios and root mass were not related to changes in plant functional groups (grasses, forbs, legumes). We found that C3 grasses remained dominant across the experimental plots regardless of nutrient and liming treatments ( Supplementary Fig. 4 ).
Root C:N ratios were significantly negatively related to BG activity (Fig. 7a) , whereas BG activity was positively related to total root mass (Fig. 7b) , which strongly differed between limed and non-limed soils. Our study shows that despite strong nutrient fertilization and liming effects on extracellular enzyme activities the relationship between organic N-acquiring enzymes (NAG ? LAP) and C-acquiring enzymes (BG) remained significant and positive across our grassland soils ( Supplementary Fig. 5 ).
Discussion
Chronic N fertilization and enzyme activity Overall our results show that chronic N fertilization (i.e. 19-years of NH 4 NO 3 -only additions) has contributed to increased C sequestration in grassland soils in spite of greater activity of the C-acquiring enzyme b-1,4-glucosidase (BG). This confirms our first hypothesis that chronic N additions will result in higher BG activity, as was also found in previous ) and each of different nutrient addition treatments either in non-limed soils or in soils receiving lime (CaCO 3 ) grassland studies (Ajwa et al. 1999; Tiemann and Billings 2011) where BG activity significantly increased under N-fertilization. This finding was explained in Ajwa et al. (1999) by the fact that N-fertilized soils, by supporting greater plant growth, also support a greater variety and biomass of microorganisms able to produce BG. The positive plant growth-related effect on BG activity may well occur in our grassland experiment where plant biomass production is significantly higher in N-fertilized plots (i.e. either NP, All or N-only treatments) compared to non-N fertilized or control plots (Fornara et al. 2013) . However, our results show that BG activity is particularly high in the N-only fertilized (non-limed) plots, which indicates that other mechanisms may play a significant role. In particular our results suggest that the positive relationship between BG activity and the C (%) content of organo-mineral soils may depend on the relative availability of C versus N for microbial energy demand. Soil enzyme production tends to be controlled by the relative quantity of resources that organisms need to acquire according to their 'intrinsic' organismal stoichiometry (Sterner and Elser 2002) . Thus we would expect that 19 years of N-only additions would have contributed to increase microbial C demand (compared to N demand) by reducing the C:N ratio of plant material returned to the soil. Our results show indeed that root C:N ratios are particularly low in the N-only fertilized plots (Fig. 6a) and that BG activity is negatively related to root C:N ratios across both limed and non-limed soils (Fig. 7a) . These results agree with previous findings (Tiemann and Billings 2011) , which show greater BG activity associated with N-induced increases in plant substrate ). Relationships between root mass and nutrients treatments either in non-limed soils or in soils receiving lime (CaCO 3 ). Open circles (limed soils), black-filled circles (non-limed soils). Linear fit: y = 6.04 -0.03 * Root C:N (non-limed soils), y = 3.8 -0.02 * Root C:N (limed soils). Log fit: y = -3.2 ? 1.32 * Ln(Root mass) Biogeochemistry (2015) 126:301-313 309 quality (i.e. low plant C:N ratios). Positive N addition effects on cellulose-degrading enzymes were also found in forest (Carreiro et al. 2000; Saiya-Cork et al. 2002; Allison et al. 2008; Keeler et al. 2009; Cusak et al. 2011 ) and grassland studies (Ajwa et al. 1999; Stursova et al. 2006; Keeler et al. 2009 ). Other studies, however, found that N addition can have variable effects on BG activity along a soil age gradient (Zeglin et al. 2007) or that N fertilization does not have any significant effect on BG activity (Mineau et al. 2014) . Further research could address whether and how these variable effects of N fertilization on BG activity may depend on the spatial scale considered (i.e. plot vs. landscape) and across gradients of soil age, soil pH and fertility and changes in plant stoichiometry (e.g., root C:N ratios). For example, in our study increases in soil pH following liming applications could be responsible for the observed decrease in BG activity, which in turn was associated with lower C gain efficiency of limed-soils (Fig. 5) . Changes in soil pH may have indirect effects on BG activity either by influencing its temperature sensitivity or by influencing the C:N flow ratio (from decomposing organic substrate) which becomes available for microbial assimilation (Min et al. 2014 ). In our study it is possible that increases in root C:N ratios associated with liming (under the N-only fertilization treatment) may have contributed to increases in C availability thus promoting declines in microbial C use efficiency which ultimately reduced soil C gain efficiency per unit of N added to limed plots. Reduced microbial C use efficiency in limed soils was also found in a longterm grassland experiment where high soil pH was associated with (1) a higher temperature sensitivity of soil respiration, (2) greater soil respiration rates, and (3) higher microbial metabolic quotients (Fornara et al. 2011) . If this suggests less efficient microbial utilization of C in limed soils (microbes respiring more C per unit of degradable C), it does not mean that limed soils have overall low C content, in fact soil C (%) could be higher in soils receiving long-term lime applications (Fornara et al. 2011) .
Our findings in relation to changes in enzyme activities also agree with economic theories of microbial metabolism, which suggest that enzyme production is regulated by the relative abundance of simple versus complex C-, N-, P-related organic compounds (Allison and Vitousek 2005; Sinsabaugh and Follstad Shah 2012) . This is supported in our study by similar responses that other enzymes showed to increased nutrient availability. For example chronic N additions (compared to control plots) contributed to decrease the activity of leucine aminopeptidase (LAP), which hydrolyzes peptide bonds associated with common protein amino acids (leucine and alanine; Fig. 3 ). On the contrary LAP activity was significantly higher under liming applications. The importance of the enzyme link in influencing changes in soil C (and N) accumulation may depend on the extent to which N (and C) inputs will affect microbial energy demand through the alteration of soil N availability and plant C:N stoichiometry.
The ''enzyme link'' and C sequestration in N fertilized grassland soils Contrary to our second hypothesis we found that BG activity was significantly positively related to greater C content of organo-mineral soils. It is not clear however how BG is linked to changes in soil C content. The increased activity of C-acquiring enzymes such as BG should be related to higher C losses (and not C gains) from soils due to potential increases in both soil decomposition and respiration rates (Allison et al. 2010 ). It could be that C accrual in our grassland soils partly results from the N-induced suppression of heterotrophic respiration (Janssens et al. 2010; Lu et al. 2011 ) and the inhibition of some extracellular enzyme activities (Ramirez et al. 2012) , including the activity of lignin-degrading enzymes as has been observed in forest ecosystems. Grandy et al. (2008) found that although chronic N deposition can stimulate BG activity it could also increase the ratio of lignin derivatives to polysaccharides, which is ultimately related to C accrual in forest soils.
Another possibility is that chronic N-only additions, by increasing total root mass (Fornara and Tilman 2012 ; this study) and by influencing microbial-mediated transformations of fine root detritus (Thomas et al. 2012) , ultimately increase root C stabilization in soils. In our study N-only fertilization was associated with increases in total root mass at least in the non-limed plots (Fig. 6b) , and because roots are responsible for substantial C contributions to mineral soils (Trumbore and Gaudinski 2003; Rasse et al. 2005) , this could partly explain soil C accrual in our N-only fertilized plots. However, if increased root mass alone was the causal agent for the observed increase in total soil C, we would have expected to see increases in the C content of the light soil fraction rather than increases in the C content of the heavy soil fractions. The C accrual in heavy fractions supports the idea that this C represents microbially-transformed inputs of C to soils. We thus found no evidence of priming of soil C from heavy fractions by labile C inputs in our grassland system.
Here we propose the hypothesis that chronic N fertilization and greater C accumulation in soil organo-mineral fractions (i.e. heavier soil fractions) are 'linked' by increases in BG activity (Fig. 8) . First, we suggest that long-term additions of N to soils contribute to reduce the C:N ratio of plant material (including roots) returned to the soil, thus increasing microbial energy demand for C. Second, increased C demand by microbes is met by increases in BG activity which is supported by C inputs from roots (including C compounds from root exudates). Finally, increased BG activity is associated with greater production of microbially-transformed C inputs which accumulate, and stabilize, in organo-mineral heavy soil fractions.
Our hypothesis agrees with the recently proposed Microbial Efficiency-Matrix Stabilization (MEMS) framework which explicitly suggests that labile plant inputs to soils (e.g., plant detritus with low C:N ratio) represent dominant sources of microbial products mainly because this plant material is utilized more efficiently by microbes (Cotrufo et al. 2013 ). Based on MEMS we could expect that the presence of substrates rich in N (as in our long-term N-fertilized soils) may lead to increases in both microbial biomass and products. It is possible that increased biological activity in our soils would lead to greater production of microbial metabolites, which bind to minerals to build organo-mineral soil fractions. This would explain why we found a positive relationship between N fertilization, BG activity and the C content of organo-mineral fractions. This also agrees with the findings from a long-term N fertilization experiment in meadow communities of alpine tundra, which suggest that under chronic N addition detritus plant material can move directly into stabilized mineral-associated organic matter pools (Neff et al. 2002) . Finally, our finding agrees with the observation that N fertilization can contribute to C accumulation and stabilization in small mineral-associated soil aggregates (Riggs et al. 2015) .
Our study is the first to show a potential 'enzyme link' between long-term additions of inorganic N to grassland soils and the greater C content of organomineral soil fractions. We suggest that the enzyme link occurs because BG activity is stimulated by increased microbial C demand relative to N under chronic fertilization and because increased BG activity causes more C from roots and from microbial metabolites to accumulate and stabilize in organo-mineral C fractions. The enzyme link is less significant in (1) limed soils possibly because of liming-induced increases in soil pH and decreases in root mass, and (2) in soils receiving multiple nutrients (i.e. NPK) possibly because of decreases in total root mass. Further studies could address what other potential biogeochemical mechanisms could explain the potential effect of different combination of common agricultural practices (e.g., liming and multi-nutrient additions) on soil C sequestration in human-managed grasslands.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http:// creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made. (1) chronic N fertilization contributes to reduce root C:N ratios and increase microbial C demand, (2) increased BG activity is supported by positive N-induced effects on C inputs from root mass (and root exudates), (3) increased BG activity contributes to process more C (from roots) part of which accumulates and stabilizes in heavier soil organo-mineral fractions
